The aim of this study was to examine associations of objectively measured physical activity with daily mood ratings and psychophysiological stress responses. We recruited 40 healthy females (aged 28.7 AE 6.1 yrs) who completed a oncea-day mood rating scale for 7 days, along with a 7-day assessment of physical activity using accelerometers and psychophysiological stress testing. The findings suggest that levels of physical activity as measured using an accelerometer are associated with both depressive symptoms over the past 2 weeks (CES-D) (r 5 À .33, p 5 .038) and with daily positive emotional style (r 5 .49, p 5 .001). The relationship between physical activity and positive emotional style remained after controlling for age, body mass index, and negative emotional style (t 5 3.31, p 5 .002). Physical activity was not related to any psychophysiological stress responses.
Habitual physical activity is thought to be beneficial for mental health and in moderating physiological responses to mental stress. Several large-scale epidemiological studies have demonstrated an association between higher levels of physical activity and a reduced risk of future depressive symptomatology (KritzSilverstein, Barrett-Connor, & Corbeau, 2001; Mead et al., 2009; van Gool et al., 2003) . Moreover, there is recent evidence that the mental health benefits of physical activity are positive regardless of the intensity of the activity (Asztalos, De Bourdeaudhuij, & Cardon, 2010) , although others have not observed this (Brown, Ford, Burton, Marshall, & Dobson, 2005; Paffenbarger, Lee, & Leung, 1994; Wise, Adams-Campbell, Palmer, & Rosenberg, 2006) . A major weakness of this area, however, is the reliance on self-reported physical activity. This is a limitation because mental health might cause reporting bias and some symptoms of mental illness might have conceptual overlap with physical activity behavior.
Very few studies have examined associations between objectively assessed physical activity and mental health, and those that have reveal inconsistent findings. For example, in a small cohort of elderly Japanese participants, physical activity was assessed objectively over 1 year, and inverse associations of activity with depression and stressful life events were observed (Yoshiuchi et al., 2010 (Yoshiuchi et al., , 2006 . In a small study of 32 nonpsychiatric individuals, 5-day accelerometry data was analyzed in relation to depressed mood as measured using the Alzheimer's Disease Assessment Scale. Results found an inverse relationship, with those performing the lowest levels of physical activity being at greatest risk of depressive symptoms (Mendlowicz, Jean-Louis, von Gizycki, Zizi, & Nunes, 1999) . Similarly, in a sample of 73 students seeking help from a counselling service, depression measured using the Inventory to Diagnose Depression was found to be negatively associated with daytime physical activity as assessed using 2-week accelerometry (Barkley & Tryon, 1995) . However, more recent evidence has not supported these findings, with results from 105 nonpsychiatric participants showing no relationship between activity measured using accelerometers and depression symptoms using the CES-D (Centre for Epidemiological Studies Depression scale) (Kawada, Katsumata, Suzuki, & Shimizu, 2007) . Data from the Health Survey for England recently demonstrated that physical activity (from 7-day accelerometry records) was associated with self-rated health, but not with psychological distress using the General Health Questionnaire (Hamer & Stamatakis, 2010) . The largest study to date, by Janney et al. (2008) , used data from the NHANES 2003-2004 cohort of US noninstitutionalized civilians, to investigate the use of mental health services and its association with physical activity as measured using accelerometers. Results showed that male users were significantly less active than nonusers, although no association was found for women.
The reasons for these conflicting results are likely to be largely due to methodological differences, including the choice of depression measurement instrument and variation in characteristics of the study sample. One solution to tease out these inconsistencies may be to increase the frequency of mood assessment to capture the dynamic changes that occur in response to daily stressors, rather than relying on a one-off measurement. Measures aggregated over several occasions during the day or across days may provide more reliable estimates of typical affective traits, since they are less prone to recall bias, brief peak moods, and the dominance of current affect (Kahneman, Krueger, Schkade, Schwarz, & Stone, 2004) . Research in this field has also highlighted the use of questionnaire items that measure positive as well as negative affect (Cohen, Alper, Doyle, Treanor, & Turner, 2006; Cohen, Doyle, Turner, Alper, & Skoner, 2003) . A recent review has supported the role of regular aerobic exercise on promoting positive affective state, with low intensity exercise being particularly beneficial (Reed & Buck, 2009) . Little is known about how daily changes in mood, including positive affect, interact with physical activity.
Physiological responses to daily stressors may play an important role in mental health. For example, the hypothalamic pituitary adrenal (HPA) axis and sympathetic nervous system (SNS) are activated in response to mental stress. Depression is associated with alterations in hormone and catecholamine circadian rhythms (Koenigsberg et al., 2004) , which may be the result of poorly regulated neurotransmitter feedback control systems that become erratic when stressed. This so-called ''dysregulation model'' is consistent with the causal relationship between major life stressors and the onset of depression (Kendler, Karkowski, & Prescott, 1999) . In addition, we recently showed that positive affect shows an inverse relationship with heart rate, cortisol, and plasma fibrinogen in response to mental stress testing (Steptoe, Wardle, & Marmot, 2005) , and this remained true at a 3-year follow-up of participants .
A number of studies have examined associations between physical activity/fitness and psychophysiological stress responses. In a meta-analysis of 73 studies, objectively measured cardiorespiratory fitness was weakly related to cardiovascular responses to laboratory stress testing (Jackson & Dishman, 2006) . In fact, the fitter participants had a greater cardiac stress response but a quicker recovery, although effect sizes were small. Conversely, Forcier et al. (2006) reported opposing results in another meta-analysis containing similar studies, although this was an arguably stronger analysis including only studies demonstrating a significant difference in objectively measured fitness between comparison groups (fit vs. unfit). They found that fitter individuals showed significantly reduced heart rate and systolic blood pressure reactivity to psychological stressors. Studies of fitness and cortisol reactivity are limited. In an early study, fitness was shown to be positively associated with adrenalin and negatively associated with noradrenalin in response to stress testing (Sothmann, Gustafson, Garthwaite, Horn, & Hart, 1988) . This study found no effect of stress testing on cortisol across fitness levels. A more recent study demonstrated that trained men (elite sportsmen) showed reduced cortisol responses to the Trier Social Stress Test compared with untrained men (Rimmele et al., 2007) . Traustado´ttir, Bosch, and Matt (2005) found an interaction between age and fitness on cortisol output; specifically, they found that unfit-older women had significantly higher cortisol responses to stress testing than both the youngunfit and the older-fit women. We are not aware of any studies that have examined associations between objectively assessed daily physical activity and psychophysiological stress responses.
The aim of this study was to examine associations of objectively measured physical activity with daily mood ratings and psychophysiological stress responses. We employed a once-a-day mood rating scale completed for 1 week to provide aggregate measures of positive and negative affect. Importantly, following the work of Cohen and colleagues (Cohen et al., 2003 (Cohen et al., , 2006 , we termed the aggregated mean daily positive affect ratings 'positive emotional style' (PES) and negative ratings 'negative emotional style' (NES). We hypothesized that PES and NES over 7 days would correlate more closely with physical activity than a single measure of affect at baseline. We also hypothesized an inverse association between physical activity and laboratory stress responses, including blood pressure, heart rate, and cortisol.
Method Study Design
This was a cross-sectional study designed to assess the relationship between daily mood and physical activity levels. Participants attended two appointments with the research team. The first was a brief meeting to give participants instruction in the use of an accelerometer and a daily mood questionnaire. Seven days later, participants returned to undergo psychophysiological testing in a laboratory at University College London (UCL). Ethical approval was obtained from the UCL ethics committee.
Participants
Forty participants aged 21-45 years were recruited from the staff and student population of UCL. We elected to recruit only female participants to limit variability in the sample, thus enabling us to reduce our required sample size. Since psychophysiological stress responses tend to be greater in individuals experiencing a higher background level of stress (Chida & Hamer, 2008) , we selectively recruited individuals with moderately elevated scores on the General Health Questionnaire 12-item (Goldberg et al., 1997) , a screening measure of psychological distress in the community. All were nonsmokers, consumed alcohol within recommended guidelines, and reported being in good health at the time of the study. People who reported any significant medical or psychiatric histories were excluded, as were those who were currently taking prescription medicines. We excluded participants reporting use of antidepressant medication or diagnosis of major depressive disorder. Participants gave written consent to participate in the study and were given an honorarium of d30 on completion.
Measures
Physical activity. Self-reported physical activity over the past 7 days was measured using the International Physical Activity Questionnaire (IPAQ) (Booth, 2000) . The IPAQ is a measure of health-related physical activity that has been cross culturally validated for use on young and middle aged adults aged 15 to 69 years. The IPAQ has been rigorously tested for reliability and validity (Craig et al., 2003) , and this has been replicated in a L. Poole et al.
number of countries. Overall, the IPAQ questionnaire has produced repeatable data (Spearman's rho clustered around 0.8), and criterion validity (a median rho of about 0.30), which is comparable to most other self-report validation studies. The version utilized in the current research is the Short Last 7 Days Self-administered Format, which asks respondents to provide details about the average amount of time spent doing vigorous activities, moderate activities, walking, and sitting per day, over the previous week. Computation of the total score requires summation of the duration (in minutes) multiplied by the frequency (in days) of these different activities.
The ActiGraph GT1M (ActiGraph, LLC, Pensacola, FL, USA) was used to measure physical activity levels for the 7 days preceding physiological stress testing in the laboratory. ActiGraphs have previously been validated as a measure of whole body movements during free-living physical activity (Patterson et al., 1993) . The hip position was adopted in this research, and care was taken for proper placement of the ActiGraph on each participant. Activity counts were summed over 60-s epochs and recorded continuously during waking hours. Data were analyzed using the MAH/UFFE Analyser version 1.9.0.3. Intensity band boundaries were selected in accordance with the recommendations from Matthew (2005) , and are displayed in Table 1 . The first and last days of data were excluded from analysis, as were any days on which the ActiGraph had been worn for fewer than 10 h. These parameters were chosen to obtain accurate physical activity measurement and to minimize selection bias (Ward, Evenson, Vaughn, Rodgers, & Troiano, 2005) .
Mood assessment. Transient mood over the last couple of days was assessed using the Profile of Mood States (POMS-SF) adjective rating scale (Steptoe, Edwards, Moses, & Matthew, 1989) . Participants responded to a list of 36 words describing feelings (e.g., angry, sad, cheerful), and were asked to rate the extent to which the feeling has been experienced over the last couple of days. Each item was scored as 0 (not at all) to 4 (extremely). Six positive items were combined within the POMSvigour subscale and 30 negative items within the POMS-negative subscale. The total mood disturbance score on the POMS was calculated by subtracting the mean of the negative items from the mean of the positive items, with higher scores indicative of greater positive affective state. Depressive symptoms in the past week were assessed using the CES-D (Radloff, 1977) . The CES-D is a short, self-administered questionnaire designed to assess depression symptomatology in the general population. Respondents use a 4-point Likert scale corresponding to frequency that the symptoms have been experienced from 0 (rarely or none of the time) to 3 (most or all of the time). Scores are summed to derive a total score. Emotional styles were assessed over 7 days using a daily mood rating scale adapted from Cohen et al. (2003) . Participants were asked to complete a short questionnaire every evening, which required them to rate the degree to which they had felt a number of emotions that day on a 5-point Likert scale, ranging from 1 (you haven't felt this at all today) to 5 (you felt this way a lot today). Adjectives were derived from a factor analysis of affect items (Usala & Hertzog, 1989) . PES was defined as the mean daily score for positive emotions comprising subscales of well-being (happy, cheerful), vigor (lively, full of pep), and calm (calm, at ease). NES comprised terms for anger (angry, hostile), depression (sad, unhappy), and anxiety (tense, on edge). Mean variance for PES and NES were calculated as the aggregates of mean variance of daily mood ratings. Measures of fatigue (tired, fatigued) and loneliness (isolated, lonely) were not included within PES or NES.
Psychophysiological stress testing. On the day of testing, participants were instructed not to have drank caffeinated beverages or eaten large meals at least 2 h before the study and not to have consumed alcohol or exercised on the previous evening. All appointments were scheduled between 12.00 noon and 17.00 hours. Participants who reported colds or other infections on the day of testing were rescheduled. Testing was completed individually in a light-and temperature-controlled laboratory. Physical measurements including height, weight, percentage body fat, and waist and hip circumference were made using standardized methods. Blood pressure and heart rate (HR) were monitored continuously from the finger using a Finometer (TNO Biomedical Instrumentation, Amsterdam, Netherlands), which uses the vascular unloading technique. Participants completed the IPAQ, CES-D, and POMS questionnaires prior to the baseline rest period; at this time, participants also rinsed their mouth to avoid contamination of the saliva samples.
After a 45-min rest period, during which time participants were asked to sit quietly, 5-min baseline blood pressure and HR readings were taken followed by a saliva sample. Cardiovascular readings continued during two 5-min standardized behavioral challenges in random order: a mirror tracing task and a socially evaluative speech task, which have been described previously . Briefly, in the speech task participants were asked to defend themselves against the threat of unemployment. The mirror tracing task involved making as few mistakes as possible whilst tracing a star that could only be seen in a mirror image (Lafayette Instruments, Lafayette, IN, USA). Each task was immediately followed by task ratings. Task impact questionnaires included ratings of perceived difficulty, involvement, performance, controllability, and current levels of tension and relaxation. Subjective ratings of current stress, anxiety, and relaxation were scored on a 7-point Likert scale, from 1 5 not at all to 7 5 very.
Saliva was collected after completion of the second task. After a 20-min recovery period, 5-min cardiovascular readings and a final saliva sample were taken. This sampling schedule was established from previous protocols used in our laboratory (e.g., Hamer, O'Donnell, Lahiri, & Steptoe, 2010; Steptoe, Owen, KunzEbrecht, & Mohamed-Ali, 2002) . Subjective stress ratings were also recorded at baseline, post-tasks, and recovery.
Biological Assays
Saliva samples were collected using a passive drool technique. Free salivary cortisol has been shown to correlate highly with blood cortisol (Kirschbaum & Hellhammer, 1994) . Saliva was decanted into standard centrifugation tubes and frozen immediately (À 80C). On completion of the study sessions, salivary cortisol was measured via enzyme-linked immunosorbent assay (ELISA) (SLV-2930, DRG International, Inc., Mountainside, Physical activity, mood, and stress activity 1167 NJ, USA) at Technical University Dresden, Germany. The intraand interassay coefficients of variation were less than 8%.
Statistical Analysis
Forty participants completed the 7-day assessment of physical activity using accelerometers, daily questionnaires, and the laboratory stress session. One participant failed to complete the POMS scale, and 13 participants had missing data on the IPAQ. Owing to equipment failure, complete blood pressure data during psychophysiological testing were available for only 31 participants. Body mass index (BMI) was computed as weight in kilograms divided by height in metres squared. Kolmogorov-Smirnov tests of normality showed the accelerometry and mood data to be normally distributed, thus the association between physical activity and mood was examined using bivariate Pearson correlation. Self-reported physical activity was non-normally distributed, so we employed Spearman's rho correlations when examining any associations with this variable. Linear regression was used to examine the relationship between PES and physical activity, adjusting for age and BMI. To control for negative affect, NES was also added to the model as a covariate.
Cardiovascular and cortisol data were split into three trials, which included a baseline, aggregated average task, and poststress recovery. These data were analyzed using repeated measures analysis of variance (ANOVA) using the general linear model, with Greenhouse Geisser adjustments employed where appropriate. Blood pressure stress responses were computed as the difference between baseline and task. Blood pressure recovery was scored as the difference between levels during the 20-min recovery trial and baseline; more positive scores therefore indicated delayed (incomplete) recovery. Associations between objectively assessed physical activity and stress responses were examined using Pearson correlation. All analyses were conducted using SPSS version 16.
Results
The characteristics of the participants are summarized in Table 2 . All participants were healthy and within the non-obese range, with normal blood pressure, but reported relatively high levels of depressive symptoms. Self-report physical activity items were not associated with accelerometry measures. On average, compared to the accelerometry data, participants under-reported their physical activity levels (see Table 2 ).
Results in Table 3 show that objectively assessed physical activity was inversely associated with negative mood as measured by the CES-D and the POMS. Note that higher POMS scores indicate greater positive mood here. Although POMS and PES/ NES scores were correlated (POMS/PES: r 5 À 0.54, po.001; POMS/NES: r 5 0.621, po.001), the strongest correlations were found between physical activity and PES, with the most active participants reporting higher levels of positive mood. In contrast to the results from the CES-D and POMS scales, daily measures of negative mood were not related to physical activity. Figure 1 illustrates this relationship between objectively assessed physical activity tertile (i.e., lowest 213.88 min/day, middle 5 213.89-262.33 min/day, and highest ! 262.34 min/day) and scores on the CES-D and PES. In addition, the intensity of physical activity appeared to be differentially associated with mood, with light and moderate activity being correlated to both CES-D total score and PES, although there were no associations with vigorous activity. The association between physical activity and PES was not altered after adjusting for BMI (b 5 0.070, p 5 .61), age (b 5 À 0.088, p 5 .52), and NES (b 5 À 0.525, po.001). Physical activity accounted for an additional 15.7% of variance (R 2 5 .512; b 5 0.410, p 5 .002). This relationship is positive such that greater physical activity is related to higher positive affect. Physical activity (b 5 À 0.327, p 5 .045) also remained (t 5 À 2.08, p 5 .045) associated with CES-D after adjustment for age (b 5 À 0.048, p 5 .783) and BMI (b 5 À 0.169, p 5 .334). In contrast to those associations observed for objective physical activity assessment, we failed to observe the same associations for self-reported physical activity and mood. Only self-reported vigorous activity was associated with lower levels of negative mood, as measured using the CES-D (r 5 À .39, p 5 .04).
Psychophysiological responses to the stress testing are presented in Table 4 . The stressors elicited activation of the sympathetic nervous system, as evidenced by significant increases in blood pressure, HR, and a reduction in rMSSD, indicating a 1168 L. Poole et al. Correlation is significant at po.05 (2-tailed). nn Correlation is significant at po.01 (2-tailed).
withdrawal of cardiac parasympathetic activity. Despite the robust psychophysiological responses, there were no associations between the stress responses measured during the stress tasks and during recovery and both self-report and objectively measured physical activity, nor were any associations found between stress and any of the mood-rating scales.
Discussion
In the present study, we examined the association between objectively measured physical activity over a week and its relationship with measures of daily positive and negative affective style and stress reactivity. The findings suggest that levels of physical activity, as measured using an accelerometer, are associated with both depressed mood symptoms (CES-D) and with daily PES. The relationship between physical activity and positive affect remained after controlling for NES, thus suggesting that these associations are not merely explained by an absence of negative mood. The POMS score provided less robust associations with physical activity than the daily mood ratings, and scores on all these measures are highly correlated; the crucial difference is that the PES/NES capture the dynamic changes that occur in response to daily stressors, rather than relying on a one-off measurement such as the POMS. Thus, we believe that the main reason for differences in the strength of associations is that PES/ NES reflect mood at exactly the same point in time when objective measures of physical activity are recorded. Intensity of physical activity was also relevant in the association with mood; in particular, light and moderate intensity activity were associated but vigorous activity was not. Physical activity was not related to the psychophysiological stress responses.
To the best of our knowledge, this is the first study to demonstrate that objectively assessed physical activity is associated with daily measured positive affect. Previous literature has tended to focus on epidemiological data, showing associations between low physical activity and poor mental health. However, little is known about the differential effects of physical activity on mood measured retrospectively across a period of time and daily mood symptoms. Our results suggest that the association between objectively measured physical activity and mood is most robust in measures that evaluate daily mood and, in particular, PES. For example, overall activity explained 24.01% (R 2 5 0.240) of variance in PES, whereas it explained only 10.9% (R 2 5 0.109) of variance in CES-D. In a recent study, there was an association between participation in enjoyable leisure time activities and higher levels of positive psychological state (Pressman et al., 2009) . Since accelerometry measures do not provide contextual information about the type of activity, it is difficult to tease apart the importance of activity type in this study. Higher levels of positive affect have been related to better health and wellbeing (Pressman & Cohen, 2005) , and one suggested mechanism proposed has been via modulation of the stress response (Dockray & Steptoe, 2010; Steptoe, Gibson, Hamer, & Wardle, 2007) . Moreover, chronic dysregulation of the neuroendocrine and sympathetic nervous system has been associated with depression and might partly mediate the link between physical activity and negative mood. In laboratory studies, participants with depression symptoms have been shown to have exaggerated responses on inflammatory and SNS parameters to acute psychosocial stress tasks (Hamer, Tanaka, Okamura, Tsuda, & Steptoe, 2007; Pace et al., 2006) .
Previous evidence suggests that fit individuals show significantly reduced heart rate and systolic blood pressure reactivity to psychological stressors compared to unfit individuals (Forcier et al., 2006) . In addition, differences in biological stress responses, such as cortisol and inflammatory cytokine production, have Physical activity, mood, and stress activity 1169 been related to physical fitness Rimmele et al., 2007) . In the present study, we did not observe any association between habitual physical activity measured in the week prior to testing and psychophysiological stress responses. There are several possible explanations for our null findings. For example, the mental stress tasks used in the present study did not appear to produce marked rises in cortisol, and this may be due to the fact that the tasks did not involve a large social evaluative component, which is known to elicit more substantial cortisol responses (Dickerson & Kemeny, 2004) . However, individual differences remain important even when the average response is small Kunz-Ebrecht, Mohamed-Ali, Feldman, Kirschbaum, & Steptoe, 2003) . In addition, cortisol has a very strong diurnal decline throughout the day, and this diurnal rhythm may mask the true cortisol response. In fact, the effect of the stressor may be to delay the natural diurnal reduction in cortisol. Future studies may need to address these issues in order to observe the effect of physical activity on the cortisol response profile. Also, physical fitness might be a stronger reflection of habitual physical activity than 7-day accelerometry recordings. We measured habitual physical activity with participants required to abstain from exercise at least 12 h prior to testing. This is important because usually when highly active participants come into the laboratory they are likely to be in a postexercise window that could influence responses. The effects of acute exercise may be more important in modifying psychophysiological stress reactivity than habitual activity, as it has been shown to have antihypertensive effects (Hamer, Taylor, & Steptoe, 2006) . Therefore, if prior exercise is not controlled, it might partly confound the influence of regular physical activity. The dose response relationship between physical activity and mental health is poorly understood. For example, it is not known whether physical activity undertaken at lower levels of frequency, duration, and intensity, as expected in the population at large, confers benefit for mental health. The intensity of physical activity required to be health-protective has generated conflicting results within the literature and has generally suffered from overreliance on self-report measures of activity levels. As shown in this study, such self-report measures were not associated with the objective assessments, nor with measures of mood. In general, studies have shown that the absolute validity of self-report measures is often poor (Warren et al., 2010) . There may be several reasons for a lack of association in the present study. Firstly, the sample size in the present study is too small to make robust comparisons between these different physical activity measures. Second, the choice of cut-points for the accelerometer data is of critical importance when comparing it to self-report measures such as the IPAQ (Ainsworth et al., 2000) . Future work needs to explore the use of cut-points in greater detail to ensure the accuracy of data interpretation. In the present study, we observed associations of light and moderate intensity activity with mood, although not for vigorous activity. This cannot be explained by skewed data, since our accelerometry data was normally distributed, with the mean vigorous activity in the sample being 57.14 min/day. Epidemiological evidence using self-reported physical activity has suggested that the mental health benefits are positive regardless of the intensity of the activity (Asztalos et al., 2010) . However, in a cohort of elderly Japanese participants, only the duration of objectively assessed moderate intensity activity was inversely associated with depressive symptoms (Yoshiuchi et al., 2006) . Evidence from randomized controlled trials also suggests greater effects on positive mood in participants undertaking moderate intensity exercise compared with vigorous , and in relation to symptoms of fatigue more favorable effects have been observed for light intensity activity (Puetz, Flowers, & O'Connor, 2008) .
Our study has a number of strengths and limitations. Firstly, this is a cross-sectional study, and, therefore, we cannot be certain of the direction of the relationship: whether physical activity causes positive mood or vice versa, or whether both are related to an unmeasured third factor. There appeared to be a direct association between physical activity and positive affect, although unmeasured mediators such as alcohol consumption and sleep might have accounted for additional unexplained variance. Our sample was drawn from the staff and student population from UCL, which may limit the generalizability of the findings. In addition, health-status information relied solely on self report, with no attempts made to ascertain the medical files of participants. The strengths of our study include the novel use of accelerometry data in combination with daily measures of mood to enhance ecological validity of assessment. In summary, variations in daily positive affect are associated with habitual physical activity behavior. Psychophysiological stress reactivity does not appear to be a mediator in this association. Further detailed modelling of these independent processes will improve our understanding of the role of physical activity in mood and its clinical implications for depressive symptomatology.
